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Abstractd In this paper, the experimental test of five 1:20 scale  Therefore CFD and experimental tests can be carried out in
pitching floating Wave Energy Converters (WEC)arranged in  order to analyse the dynamics of the floaters in an array
two different array layouts is presented and described. A jncluding all the complex interactions. In1(] the author
particular attention is given to the challenging experimental qemonstrate the agreementvoetn CFDand experimental
setup and the first analysis of thehydrodynamic interaction results for a single wave energy convertrd then the

occurring among the different bodies. The Response Amplitude - . . .
Operators (RAO) of the array WECs are compared against the feasibility of this numerical approach. The CFD studies on the

dynamics of the isolated floater test, in order to evaluate the interaction between floaters in aray has been so far poorly
bodiesdé interaction and t fhes invesiigateddne[{1] thesasithoks @resept amigtrpgugtipn of the
regular waves are performed for two wave steepness 1:50 andCFD modelling of two WECs without the presence of the
1:35. A free decay analysis is conducted in order to identify the mooring system. In12] a CFD modelling of an entire array of
natural frequency, linear and quadratic damping term for the floating WECS is presented, but due to the tetbgy solution

pitch Degree of Freedom (DoF). there is not the presence of the mooring system and the
motion of the single floaters is constrained and only a vertical
Keyword® Wave Energy Converte, Array, Hydrodynamics, motion is allowed.Experimental campaign tests on scaled
Experimental, Tests, ISWEC, Scaled ModelWave Basin model are the most representative of the real dcaledel
dynamics and different investigations have been carried out by
. INTRODUCTION different authors3-16].

Nowadays floating WECs represent a large segment of thdn this paper, the authors present the experimental test
technological solution in the wave enetiggrvesting field1]. campaign on an array of five floating scaled WECs in order to
Several devices reached the phase of fullesgeototypes and investigate the hydrodynamic behaviour of the arfidne tests
have been tested in open s2h [ has been carried out in February 2018 in the LHEEA

At this stage the economical, reliability and feasibility dffydrodynamic and Ocean Engineering Taak the Ecole
the technology is fundamental. It has long been established @entrale in NantesThe devices that have been tested are a
advantage of harvesting the wave energy via array of devide®0 scaled models of the ISWE@ertial Sea Wave Energy
instead of the ddoyment of a single device with high poweiConverter)prototype @veloped in Polytechnic of Turin and
capacity B]. Therefore, with the aim of maximize thethe full-scale prototype has been tested successfully in the
extraction of energy via optimization of the number of devicgeriod OctobeDecember 2015The description and working
and their relative position has beemalysedby different principle are described exhaustively ih7{18]. Each device
authors[4-6]. Theseanalytics and mmericalmethods present present a slack mooring system thaval the device to align
some limits due to the restrictive assumption adopted iteelf with the incoming sea stat&éhe ISWEC is a pitching
facilitate the analysiand furtherinformationcan be found in floating device that harvest the wave energy through a
[7]. Unfortunately the hydrodynamic interaction between thegyroscopic system enclosed in a watertight hull. The PTO
floatersis complex andnhot trivial to model In the case of converts the mechanical energy of the precession motion of
floaters that are not constrained in fixed position the the gyroscope in electrical power. Analysing the dynamic
assumption of constartydrodynamic coupling coefficients equation presented inl9] is possible to conclude that the
cannot be consideredhlid. Moreover, additional complexity extracted energy is function only of the pitch motion of the
canderive from the presence of the mooring systems, andldater. Therefore, the pitch Response Amplitude Operator can
has beendemonstrated that a quasatic approach is notbe adopted as amdex of the performances of the single
enough to describe its dynamics and dynamic models devices in an array. In this preliminary work, only the floaters
necessaryq, 9]. dynamics is considered, the gyroscopic system is not included
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in this experimental investigation in order to underline and
study only the hydrodynamizehaviour of interacting floating

bodies.

A. WEC Model

In this experimental campaign, five identical models were
adopted The floaters are 1:20 scaled prototypes of the ISWEC
device designed for the Pantelleria Island dit€]. The
Froude scaling law have been use scale down the
geometrical and inertial properties of the modrg. 1 shows
the CAD model highlighting all the functional parts anthe
scaled downproperties derived from CAD are listed in

TABLE 1.

Plexiglass cover

EXPERIMENTAL SETUP

Ballast

Fig. 1 CAD model of the 1:20 tested prototype

TABLE 1

GEOMETRICAL AND INERTIAL PROPERTIES OF Ti## TESTED MODEL FROMCAD

Fig. 2 Five 1:20 models ready for the experimental tests

TABLE 2
MEASURED MASS OF EACHL:20MODEL

Variable Unit Model Model Model Model Model

1 2 3 4 5
Floater o 343 346 347 346 350
mass
Total mass
with kg 345 34.8 34.9 34.8 35.2
markers

Variable Unit Value
Length mm 766
Heigth mm 225
Width mm 400
Mass kg 33.2
Inertia kx kgn? 0.73
Inertia Ly kgn? 2.33
Inertia Lz kgn? 2.87
Draft mm 150
COG from deck mm 102

Fig. 2 shows the five models ready for the experimental
tests. Every model was wvggthed before and after the
assembly of the motion capture system markers and in

TABLE 2 the measurednass values are shown.

The draft and static stability of eachodel was checked
before the experimental tests in the shallow water tank of the
LHEEA facility.

B. Mooring system

Fig. 3 shows the mooring system configuration adopted in
this experimental campaign. The mooring system ctmsis
essentially in 1 bottom chain lirlg anchored to the artificial
sea bed and connected to the jumper. Two chain bridles
connect the device to a mechanical joint and another chain
line L, connect it to the jumper. The mooring system is
designed to allw the weathervaning of the device, to
influence as little as possible the pitch motion and to present a
satisfying behaviour in extreme weather conditions.

Gravity and inertia forces principally govern the dynamic
behaviour of this systenTherefore, thanooring system was
scaled as done for the floater model with the Froude scaling
|l aw and a scaling factor & =

ISWEC
— Bottom mooring

Bridle Jumper

Load cell

Artificial Sea Bed

Fig. 3 Single device mooring configuration

TABLE 3 lists the scaled down gpperties of the mooring
system. The net buoyancy of the jumpers wakecked
experimentally with calibrated masses to guarantee a net
buoyancy of 190 g.



m long, 30 m wide and 5 m deep. The basin is equipped with a
segmented wave rkar, composed of 48 hinged flaps
distributed over the width of the basin. Each flap is controlled
in position separately. The wave generator system is equipped
with an active wave absorption (force) control feature.

TABLE 3
MOORING SYSTEM PROPERTIES

Variable Unit Value The othe_r end of the basin is composédao?_m pas_sive
wave breaking beach (gentle slope and quadratic profile).
Geometry The wavemaker control software gives access to the
Artificial sea bed, H m 1.25 following high quality'waves :
AnchorJumper length, L1 m 3.25 A Regqlar r-:md wregular_waves
) A Unidirectional / directional waves
JumperBridle length, L2 m 0.5 A Irregular crossing waves (angie to 90°)
Bridle-ISWEC length, L3 m 0.5 Wave parameter range:

A PeriodsT05t050s

ChainProperties forBottomLines -
A Regular wave height H max 1.0 m

Nominal Diameter, D1 mm 3 A Irregular wave height Hs max 0.8 m
Mass per unit length (Datasheet) kg/m 0.186
Mass per unit length (Measured) kg/m  0.149

ChainPropertiesfor Bridle Lines
Nominal Diameter, D2 mm 2.2
Mass per unit length (Datasheet) kg/m  0.09
Mass per unit length (Measured) kg/m  0.08

JumperProperties

Net Buoyancy, B g 190

A Genovese type chain wasloptedfor all the moomg
lines, the wire diameter and mass per unit length were directly
scaled from fulscale. D. Artificial Sea Bed

Fig. 4 shows the complete mooring system configuration
during a test with all the connection componeritee bottom
line chain was anchored directly to théeal tube of the
artificial seded, not shown in figure. The mooring system
each device was provided with a load cell mounted as sho,
in Fig. 3 andFig. 4. The linear characteristiecgastested until
10 kg at 6 V, and the saturatisrasat 10 V, and therefore the
maximum measurable valugasabout 16 kg.

Fig. 5 Picture of the facility during a test

To ensurethe seabed distance in thBealed configuration
and therefore the validity of the resulfve artificial sedbeds
ave been used for each model to recreate the depth of the site
here the fullscale prototype wilbe deployed. The artificial
eds were made using @48 mm steeklmrd PVC pipes
connected by orthogonal joints in order to create the structure
shown in Figure 2.14. The seabed was built using a plastic

grid stretched to ensure as much as possible its flatness.
a V= Y -

o I\
Stegl Bax

A

S

-

Carabiners

Fig. 4 Mooring system configuration during test

C. Wave Tak

The test campaign has been carried out in February 201 d.:tve_ry artificial s_ebeq were mounted on the_ wave basin
the hydrodynamic and ocean engineering tank of the LHE otbridgeas showrin Fig. 7 through the use of five steel bar

Centrale Nantes inside the MARINET2 project. The tank is erfac_es.Orthqgonan(_)int_s allowed also an easy calibration
of the right vertical pdoning of each arficial seded.

Fig. 6 Artificial seebed structus



Five cameras were uséalacquirethe motion of each body
and the whole motion capture system was properly calibrated
before thebeginning of theexperimental test campaign.

F. Wave Probes

In order to measure the disturbed and idturbed wave
field an array of 15 resistive wave probes were provided by
the LHEEA facility and installed following the layout

3 )| ] & ' '7 :
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Fig. 7 Mechanical connection interface between the wave tastbfidlge and
the artificial sebeds
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Fig. 8 shows the fivesededs layout and the main distances. 2 1 &
The mooring lines of each deeis werelaid down on the . ;
artificial sedoed and they were anchored on each steel bar. £ ; ? .
g £
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Fig. 8 Artifi cial Seded layout and main distances Each model has a working area of maximum 4.7 m from

the anchoring point corresponding to the maximum elongation
i of the mooring lines. This distance was taken into account
E. Motion Capture System during the wave probes layout studg order to avoid any
In order to capturé¢ he b o di ehe dpticalarotio oofision between devices and wave prob&hree triangular
tracking sytem Qualisys of the LHEEA facility were usedaluminium bars were mounted on the main footbridge in order
Each body presents one marker exactly above the COG oftthallow the installation of the wave probes as showRiin
floater, and other two markers are installed in order to identify.
a plane XY of the body. Qualisys light markers with a
diameter of 40 mm were useddafixed on a polystyrene
support through carbon sticks. Afterwards the marker supports
were attached on the floater decks through doesided
adhesive tape as shown Fig. 2. A fourth marker was
attached in each deck floateranrandom position in order to
let the Qualisys system distinguish properly each body.
The parallelism of each floater deck were checked with a
bubble level Afterwards, a 360 degree sédfvelling line laser
was used in order to set up the three markesitentify the
plane XY.



guadratic damping term. During the free decay tests, the water
in the wavetank was as much still as possible and a member
of the team positioned the floater with a pitch offset and then
released in order to have free oscillation. The Camera
acquisition gstem measured every free decay anéim 12

the rough signals obtained from the temte shown.

Free Decay Record 1

T T

Pitch (deg)

200 300 400
Time (s)

Free Decay Record 2

500
Fig. 10 Wave probes mounting solution

G. Data Acquisition System

A National Instrument data system (RCI-6225) was used
during the tests to acquire all the signal channels coming from

Pitch (deg)
(=]

the 5 load cells and the 15 wave probes, whicérew Job i
appropriately conditioned and amplified. . . . . i i .
Fig. 11 shows the signal routing and data acquisition 0 100200 300 400 500 600 700 800

architecture. A 5V TTL trigger signal was used to synchronize Time (s)

the analogical signals were acquired e NI acquisition
system anall the signals are sampled with 100 Hz frequency.
The final output data is a txt file with all the wave probes
signals, load cells, and DoFs of each device. The d
elaboration is made with Matlab.

Fig. 12 Rough free decay signals

All the data taken from the experiments were elaborated in
tlab environment. Every free decagcordwas cut in order
to eliminate the first asllation and considering a minimum
oscillation of 1degand an operation of signal cleaning and
TTL Triager i filtering was carried out. A low pass Butterworth filter with
gger signal 0to 5 V ) 3 3
| order 4 was used with a cutting frequency of 4 Hz, 4 times the
natural riod of the pitch DoF.n order to carry out an
adequate free decay analysis the elimination of mean values

T

\1/ Ethernet link

NI
acquisition

and linear trends from the decay record is necessary and the
filtering resultis shown inFig. 13.
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Fig. 11 Data acquisition systm

lll. RESULTS

This section describes the results obtained by the
experimental campaign, showing the critical aspects of the
analysis of the results as well as the results themselves.

Time (s)
Fig. 13Rough and fikered signal comparison

: For the identification of the linear and the Harear
A. Free Decay Analysis , guadratic damping, the identification method present¢aCh

Free decay testwere conducted for pitch degree ofyaq ysed. The equations presented in the paper were used in
freedom considering only the floater without the mooring. Thgger 1o identify the damping coefficients for thel nmiotion
free decay analysis has the objective to identify ia@iral ot nayal shipsand with reference to the work of Chakrabati
period of the single device and to extrapolate the linear qrﬂ] Bulian et al [22] and the ITTC Recommended



Procedures and Guidelines. Numerical Estimation of Roll

Damping R3]. However, they can be applied without an)é i

problem in the identificaon of the damping coefficient for B+ Regular Wave Analysis

the pitch motion of 1:20 ISWEC model. It was assumed thatA regular wave analysiwas caried outin order to identify
dynamics can be described by a single degree of freeddhedimensionlespitch RAO (Response Amplitude Operator)
Using the same nomenclature of the reference paper the pittthe floaters defined as:

dynamics during a free decay test can be nedieand

expressed as:

Whereds is the pitch DoFk is the wave number aralis

&+ 208+ bEd + 20 =0 the wave amplitudeWaves with direction 0° and two
Where different steepness 1/50 and 1/35 were generated and tested
fa is the pitch DoF var igrptyoedifferentarray configuratios and the results are
0 is the linear dampin gcor@[@rgdf with the RAQ;of the single device configuration.

6 is the quadratic da mplhﬂyﬁecteogtéiﬁt iFf?hethr.‘@r?t dtTr?ble \?)mh refterde_n((:je to "
1 is the natural frequency in rad/s ig. & the array configurations that have been studied are the

3x1 array layout, composdyy the models numbdr, 2, 3and

The objective of the free decay analysis is the identiﬁnatithe 3x2 array layout composed by the models nuriibé 3,

via logarithmic decrease method of tldamped natural 4,and 5
frequency, linear and quadratic damping of the model in TABLE 5
analysis.The calculated equivalent roll extinction coefficient Regular Waves Test Plan

for the pitch DoF as a function of the pitch mean amplitude-is —

given inFig. 14 with the linear regression curvéhe intercept Wave n Freq (Hz) T(s) H (mm) a (mm)
on the yaxis represents the linear damping component and the Steepness 1/50

angular coefficient of the regression curve represents-—the
quadraticdampingterm. wave 1 1.2 0.833 21.7 10.8

wave 2 1118 0.894 25 125
wave 3 1052 0.951 28.2 14.1
wave 4 0.994 1006 31.6 15.8
wave 5 0.952 1.050 34.5 17.2
wave 6 0.894 1119 39.1 195
wave 7 0.8131 1230 47.2 23.6
wave 8 0.745 1342 56.3 28.1
wave 9 0.639 1565 76.5 38.2
wave 10 0.559 1.789 99.9 50
Steepness 1/35
wave 11 1118 0.89 35.7 17.8
wave 12 1052 0.95 40.3 20.2
Fig.14Linear regreafdog on curve V\gil:lve 13 0.994 1.01 45.1 22.6
The results of the pitch decay experiments are givenviave 14 0.952 1 49.2 24.6
TABLE 4. wave 15 0.894 1.12 55.8 27.9
TABLE 4 wave 16 0.813 1.23 67.5 33.7
Free Decay Analysis Results wave 17 0.745 134 804 402
Variable Unit value wave 18 0.639 1.56 109.2 54.6
Damped naturgberiod, T S 1.060
Angular coefficient of the regression 1s 0.248 ) ) o o
curve, a Purpose of these experimental tests is a first investigation
y-axis intercept of the regression curve s 0.959 on the hydrodynam_ic behaviour and performances of two
b array configurations in regular wave.
Linear extinction 1/s 0.259 Data processingnivolved both the DoF signals coming

_ _ from the capture motion system and from the resistive wave
Quadratic extinct 1lrad 0.099 probe. In order to calculate the wave amplitude of the




